The transmission of ultrashort (7 fs) broadband laser pulses through periodic gold nano-structures is studied. The distribution of the transmitted light intensity over wavelength and angle shows an efficient coupling of the incident p-polarized light to two counter-propagating surface plasmon (SP) modes. As a result of the mode interaction, the avoided crossing patterns exhibit energy and momentum gaps, which depend on the configuration of the nano-structure and the wavelength. Variations of the widths of the SP resonances and an abrupt change of the mode interaction in the vicinity of the avoided crossing region are observed. These features are explained by the model of two coupled modes and a coupling change due to switching from the higher frequency dark mode to the lower frequency bright mode for increasing wavelength of the excitation light. 5694-5705 (1989). 18. E. Popov, "Plasmon interactions in metallic gratings: w-and k-minigaps and their connection with poles and zeros," Surf.
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Introduction
The interaction of light with periodic metal structures, allowing for efficient coupling of light to surface plasmons (SPs) with their remarkable properties continues attracting considerable interest. In particular, sharp resonances [1] [2] [3] [4] , localization and enhancement of the electromagnetic field [5, 6] , and wave guiding along metal surfaces [7] were demonstrated. Corrugated metal surfaces and arrays of nanowires find applications in sensing [8] and enhancing light absorption [9, 10] . The interaction of light with periodic structures is also of interest, because excited SPs exhibit gaps in the energy spectrum (  -gaps) [3, 5, 7, 11, 12] , rendering these structures as simple plasmonic crystals. The gaps appear due to mode interaction near the crossing of their unperturbed dispersion curves and can be employed for wave guiding [13] , developing sensors [14] and photonic notch filters [15] . The existence of momentum gaps (or k -gaps) was also proposed and confirmed in experimental [11, 12] and theoretical works [16] [17] [18] . However, it has also been suggested that a k -gap is an artifact, resulting from the mode over coupling [19] . Recently, after the discovery of the extraordinary transmission (EOT) of light through arrays of small holes [20] the investigation of the role of SPs in this phenomenon was extensively investigated, revealing effects of the diffraction, resonance excitations, and interplay between localized and delocalized surface plasmons on the enhanced light transmission (see recent reviews [21, 22] ).
In this paper we investigate the interaction of SP modes observed with the transmission far-field spectroscopy [23,24] of broadband laser pulses (transform limited duration 7 fs) through gold nano-structures with gratings. We study the interaction of light with gold gratings at parameters that are quite different from those used for the observation of the EOT. The latter is observed in optically thick (150-300nm) metal films with small holes (surface fraction of openings less than 20%). The thickness of the gold layer in our samples is about 50 nm, so that the film is partially transparent (the absorption length of light around 700 nm, calculated from the optical constants of gold [25] is about 14 nm). If the slits (through or partial) are also taken into account the transmittance of our samples is much higher than in EOT observations. Consequently, at such conditions the positions of the SP resonances are close to the minima in the transmission [26,27], while for typical conditions of the EOT the loci of the SP resonances correspond to the transmission enhancement [22] . We observe efficient coupling of the incident light to two counter-propagating SP modes, exhibiting avoided crossing with features that were not reported previously. The experimentally measured minima in the transmitted light form patterns, indicating the existence of  -and k -gaps, confirmed also by calculations with the coupled mode model [28, 29] .
Experimental section
We studied two types of metallic structures: a periodic array of gold nanowires on a glass substrate and a similar array with an additional gold sub-layer. The choice of the samples was aimed at observing the differences in the dispersion relations and the interaction of the SP modes in a sample with and without slits, since these configurations can be expected to have different radiative damping and mode coupling. The periods of the arrays were chosen to provide SP resonances at normal incidence close to the middle of the spectral range (from 650 to 850 nm) of the laser pulses. The configurations of the two samples produced by electron beam lithography and thermal vapor deposition are shown in Fig. 1(a) . Both samples had a gold grating structure with a profile close to rectangular. For the first sample the grating was thinner, and it was deposited onto an underlying gold film. The thickness of the films during the deposition was monitored with a quartz crystal monitor. The samples were also characterized with an atomic force microscope (AFM) and by scanning electron microscopy (SEM). A SEM image of the surface of the first sample is shown in Fig. 1(b) . 
Measurements of the transmitted light for a set of incidence angles were performed. A portion of the beam from a broadband pulsed laser (Rainbow, Femtolasers) was weakly focused and front-illuminated the sample, as shown in Fig. 1(a) . The sample was mounted on a rotation stage allowing for variation of the incidence angle from 6° to + 6° with small steps and accuracy better than 0.05°. The light that interacted with the grating on the sample was selected by a small aperture and directed into an Ocean Optics spectrometer, registering the distribution of the spectral intensity.
Results
SPs can be efficiently excited when the incident light interacting with the grating produces a polarization wave propagating along the metal surface with the phase velocity of the SP wave. Normalized transmission spectra for two samples are shown as density plots in Fig. 2(a,c) . The intensity distribution over incidence angle and wavelength displays two diagonal valleys corresponding to 1 n  orders of the SP resonance excitation, producing a decrease in the transmitted intensity. The higher frequency branch demonstrates a narrowing for sample 1 and a slight broadening for sample 2, when approaching the crossing region. This can be seen by comparing the shorter-wavelength dips of the spectral intensity profiles shown for a set of angles in Fig. 2(b,d) , which exhibit asymmetric Fano-type resonances [34] . Such changes indicate damping variations of the SP modes. In particular, radiative damping can change due to a shift of the mode intensity distribution relative to the grooves of the grating, as the wavelength changes [35, 36] , and also the effect of the mode interaction due to Bragg scattering [23] increases closer to the normal incidence, corresponding in sp k -space to the boundary of the Brillouin zone.
We note that the coupling of the incident light to SPs at a grating surface is highly dependent on the polarization. The maximum coupling is achieved, when the projection of the electric field vector on the sample surface is perpendicular to the grooves. We measured SP coupling with light at normal incidence for varied polarizations, and the normalized data ( As was shown previously [30] [31] [32] , in the optical spectral region the coupling reaches maximum values for the grating thickness h from 30 to 50 nm, close to the values used for our samples. The relative strength of coupling for the lower and higher frequency branches depends also on the relative phase of the fundamental and the next higher (second) harmonic of the grating spatial profile [19] . The coupling was inferred from the normalized intensity distributions and characterized by the ratio of the depth of the intensity minimum measured from the height of the nearby maximum to this height for observed Fano-type resonances as a function of the incidence angle (see Fig. 4 ). The coupling for the lower frequency branch ("bright" mode) is substantially stronger than the coupling for the higher frequency branch ("dark" mode). Note that the coupling of the former increases, and the coupling of the latter abruptly decreases, as the incidence angle approaches zero. For sample 2 the coupling Fig. 5(a) ), which appears as a result of the interaction of 1 n  modes and is mainly due to the presence of the second harmonic in the spatial profile of the nano-structure [19, 32] . The lower and higher frequency branches can be related to the symmetric and antisymmetric modes [35] [36] [37] [38] For sample 2, the mode pattern in the band-gap region is qualitatively different for higher and lower frequency branches. For the higher frequency branch, the dispersion curves with 1 n  do not tend to merge when they approach the avoided crossing region, but rather form Figures 5(b,e) show the evolution of the transmission angular dependence for the two samples in the avoided crossing regions, indicated by dashed boxes in Fig. 5(a,d) , as the wavelength is changed in small steps. With increasing wavelength the two side minima in the angular intensity distribution (Fig. 5(b) , sample 1), which are seen clearly for 716   nm, initially merge into a valley and then re-appear again. In Fig. 5 (e) (sample 2) with increasing wavelength the two side minima stay separated until they disappear (four lower curves), and then two shallow minima in the central part of the plot are formed.
To describe the observed behavior we used a model of two coupled modes [28,29,39] with slowly varying complex amplitudes 1 () Az (mode with n = + 1) and 2 () Az (n = 1) and propagation constants (without accounting for interaction) 
